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Supersymmetric QCD corrections to single top quark production at the Fermilab Tevatron
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We evaluate the supersymmetric QCD corrections to single top quark production viaq q̄8→t b̄ at the
Fermilab Tevatron in the minimal supersymmetric model. We find that within the allowed range of squark and
gluino masses the supersymmetric QCD corrections can enhance the cross section by a few percent. The
combined effects of SUSY QCD, SUSY EW, and the Yukawa couplings can exceed 10% for the smallest
allowed tanb(.0.25) but are only a few percent for tanb.1. @S0556-2821~98!02203-6#

PACS number~s!: 14.65.Ha, 12.38.Bx, 14.80.Cp
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I. INTRODUCTION

Even with fewer events expected, single top quark p
duction at the Fermilab Tevatron is also important becaus
involves the electroweak interaction and, therefore,
probe the electroweak sector of the theory, in contrast w
the dominant QCD pair production mechanism, and prov
a consistency check on the measured parameters of the
quark in the QCD pair production process. At the Tevatr
single top quarks are produced primarily via theW-gluon
fusion process@1# and the quark annihilation proces
q q̄8→W*→t b̄ ~W* process! @2#, which can reliably be pre-
dicted in the standard model~SM!, and the theoretical uncer
tainty in the cross section is only about a few percent due
QCD corrections@3#. As shown in the last paper of Ref.@1#,
a high-luminosity Tevatron would allow a measurement
this cross section with a statistical uncertainty of about 6
At this level of experimental accuracy, a calculation of t
radiative corrections is necessary to compare with the
and to look for physics beyond the SM.

In Ref. @4# the QCD and Yukawa corrections to theW*
process have been calculated in the SM. In the minimal
persymmetric model~MSSM! @5#, the Yukawa corrections
from the Higgs sector and the electroweak corrections fr
chargino and neutralino couplings have also been evalu
@6,7#. Very recently the effects ofR-parity-violating cou-
plings in this process were investigated@8#. In addition to
these effects the supersymmetric~SUSY! QCD corrections
may also be significant and need to be included, also. In
paper we evaluate the SUSY QCD corrections to single
production from theW* process at the Fermilab Tevatron
the MSSM. In Sec. II we present the analytic results in ter
of the well-known standard notation of one-loop Feynm
integrals. In Sec. III we give some numerical examples a
discuss the implications of our results.

II. CALCULATIONS

The tree-level Feynman diagram for single top quark p
duction via theW* process,q q̄8→t b̄ , is shown in Fig. 1~a!.

*On leave from Department of Physics, Henan Normal Univ
sity, China.
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The SUSY QCD contributions to the amplitude are co
tained in the corrections to theWq q̄8 and Wt b̄ vertices,
where theW boson is off-shell. The relevant Feynman di
grams are shown in Figs. 1~b!–~g!. Note that the SUSY QCD
contributions to theWt b̄ vertex with all the particles on-
shell were studied in Refs.@9,10#. In our calculations we
used dimensional regularization to control all the ultravio
divergences in the virtual loop corrections and we adop
the on-mass-shell renormalization scheme@11#. Including the
SUSY QCD corrections, the renormalized amplitude
q q̄8→t b̄ can be written as

Mren5M01dM ~1!

-

FIG. 1. Feynman diagrams for single top quark production

q q̄8→W*→t b̄ : ~a! the tree-level diagram, and~b!–~g! the one-
loop self-energy and vertex SUSY QCD corrections. Herep1 and

p2 denote the momentum of the incoming quarksq and q̄8, while

p3 andp4 refer to the outgoingt and b̄ quarks.
2009 © 1997 The American Physical Society
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2010 57BRIEF REPORTS
whereM0 is the tree-level matrix element anddM represents
the SUSY QCD corrections.M0 is given by

M05 i
g2

2

1

ŝ2mW
2 v̄ ~p2!gmPLu~p1! ū~p3!gmPLv~p4!,

~2!

whereŝ is the center-of-mass energy of the subprocess.dM
is given by

dM5dMWt b̄1dMWq q̄8 ~3!

wheredMWt b̄ and dMWq q̄8 represent the corrections to th
Wt b̄ and Wq q̄8 vertices, respectively. Calculating the ve
tex and self-energy diagrams, we find

dMWt b̄5 i
g2

2

1

ŝ2mW
2 v̄ ~p2!gmPLu~p1! ū~p3!FgmPLS 1

2
dZt

L

1
1

2
dZb

L1 f 1
LD1gmPRf 1

R1p3
mPLf 2

L1p4
mPLf 3

L

1p3
mPRf 2

R1p4
mPRf 3

RGv~p4!, ~4!

and

dMWq q̄85 i
g2

2

1

ŝ2mW
2

ū~p3!gmPLv~p4! v̄ ~p2!

3FgmPLS 1

2
dZq

L1
1

2
dZq8

L
1 f 18

LD1gmPRf 18
R

1p1
mPLf 28

L1p2
mPLf 38

L1p1
mPRf 28

R

1p2
mPRf 38

RGu~p1!. ~5!

Here PL,R[(17g5)/2, and the renormalization constan
dZq

L(q5t,b,q,q8) and the form factorsf 1,2,3
L are

dZq
L5

asCF

4p F ~aq̃i
2bq̃i

!2S 2
D

2
1F1

~q g̃q̃ i !D12mq
2~aq̃i

2

1bq̃i

2
!G1

~q g̃q̃ i !12mqmg̃~aq̃i

2
2bq̃i

2
!G0

~q g̃q̃ i !G , ~6!

f 1
L5

asCF

2p
a t̃ i b̃

l t̃ i b̃ j
c24, ~7!

f 2
L52

asCF

4p
a t̃ i b̃

@mg̃h t̃ i b̃ j
8 ~c012c1122c12!

1mtl t̃ i b̃ j
~c122c1122c2122c2214c23!#, ~8!

and

f 3
L52

asCF

4p
a t̃ i b̃ j

@2mg̃h t̃ i b̃ j
8 ~c012c12!

1mtl t̃ i b̃ j
~c112c1222c2212c23!#, ~9!
where the color factorCF54/3 and sums overi , j 51,2 are
implied. D[(1/e)2gE1 log 4p with gE being the Euler
constant andD5422e is the space-time dimension. Th
functions ci j (2p3 ,p31p4 ,mg̃ ,mt̃ i

,mb̃ j
) in f n

L , are the

usual Feynman integrals@12#. The functionsF0,1
( i jk ) andG0,1

( i jk )

are defined to be

Fn
~ i jk !5E

0

1

dyynlnS mi
2y~y21!1mj

2~12y!1mk
2y

m2 D ,

~10!

and

Gn
~ i jk !52E

0

1

dy
yn11~12y!

mi
2y~y21!1mj

2~12y!1mk
2y

, ~11!

wherem is the ’t Hooft mass parameter in the dimension
regularization scheme. The other form factors can be
tained through the following substitutions:

f 1,2,3
R 5 f 1,2,3

L ul t̃ i b̃ j
→h t̃ i b̃ j

,h
t̃ i b̃ j

8 →l
t̃ i b̃ j

8 , ~12!

f n8
L,R5 f n

L,Ru t̃ i b̃ j→ q̃
j8 q̃ i ,mt→0,p3→p1 ,mt̃ i

→mq̃i
,mb̃ j

→mq̃ j8
,

~13!

The constantsaq̃i
,bq̃i

,a q̃ i q̃ j8
,h q̃ i q̃ j8

,h q̃ i q̃ j8
8 ,l q̃ i q̃ j8

andl q̃ i q̃ j8
8

appearing above are defined by

aq̃1
52bq̃2

5
1

A2
~cosu q̃2sin u q̃!, ~14!

aq̃2
5bq̃1

52
1

A2
~cosu q̃1sin u q̃!, ~15!

a q̃1q̃
18
5cosu q̃ cosu q̃8 , ~16!

a q̃2q̃
28
5sin u q̃ sin u q̃8 , ~17!

a q̃1q̃
28
52cosu q̃ sin u q̃8 , ~18!

a q̃2q̃
18
52sin u q̃ cosu q̃8 , ~19!

h q̃ i q̃ j8
5~aq̃i

1bq̃i
!~aq̃

j8
1bq̃

j8
!, ~20!

h q̃ i q̃ j8
8 5~aq̃i

1bq̃i
!~aq̃

j8
2bq̃

j8
!, ~21!

l q̃ i q̃ j8
5~aq̃i

2bq̃i
!~aq̃

j8
2bq̃

j8
!, ~22!

and

l q̃ i q̃ j8
8 5~aq̃i

2bq̃i
!~aq̃

j8
1bq̃

j8
!, ~23!

whereu q̃ is the mixing angle of the left- and right-hande
squarksq̃L and q̃R .

We have checked analytically that both the ultraviolet
vergences and them-dependent terms can cancel in th
renormalized matrix element. Let us take the vertexWt b̄ in
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Eq. ~4! as an example and discuss the cancellation of div
gences with comparison to the results for the top width giv
in Eq. ~1! of Ref. @9#. In both equations the renomalizatio
constantsdZt

L and dZb
L are involved. A divergent term

2(asCF/4p)D is contained in bothdZt
L and dZb

L . In Ref.
@9# the divergence from the vertex correction is contained
dZ15(asCF/4p)D which cancels the divergence i
1
2 dZt

L1 1
2 dZb

L . In Eq. ~4!, the divergence from the verte
correction is contained only inf 1

L since a divergent termD/4
is contained inc24. Note that althoughf 1

R also containsc24,
it contains no divergence since( i , ja t̃ i b̃ j

h t̃ i b̃ j
(D/4)50. The

divergence contained in f 1
L is equal to

(asCF/2p)( i , ja t̃ i b̃ j
l t̃ i b̃ j

(D/4)5(asCF/4p)D, which can-

cels the divergence in12 dZt
L1 1

2 dZb
L .

The renormalized differential cross section for the subp
cess is

dŝ

d cosu
5

ŝ2mt
2

32p ŝ2 ( uMrenu2, ~24!

where u is the angle between the top quark and incid
initial quark. Integrating this differential cross section ov
cosu, one finds the cross section for the subprocess is of
form

ŝ5ŝ01Dŝ ~25!

where ŝ0 and Dŝ are the tree-level cross section and t
SUSY QCD corrections, respectively.

In our numerical calculations given below, we only u
the matrix elements in our Monte Carlo programs. So we
not present the analytic expressions for the cross secti
The analytic expressions ofŝ0 andDŝ can be found in Ref.
@6# since the renormalized matrix elements take the sa
form as in Ref.@6#. The total hadronic cross section is o
tained by weighting the parton level cross section with
usual parton distributions@13,14# and integrating over allt b̄
invariant masses, which can also be found in Ref.@6#.

III. NUMERICAL RESULTS AND CONCLUSION

In the following we present numerical results for th
SUSY QCD correctionsDs to the total cross section fo
single top quark production via theW* subprocessq q̄8→t b̄
at the Fermilab Tevatron assumingAs52 TeV. In our nu-
merical calculations we used the Martin-Roberts-Stirling
A8 (MRSA8) parton distribution functions@14#. For the rel-
evant parameters we choosemW580.3 GeV,mt5176 GeV,
mb54.9 GeV andaew51/128.8. Note that we calculated th
total cross section without any cuts.

In our analytical results several different squarks are
volved: t̃ i , b̃ i , q̃ i and q̃ i8 . The mixing between left- and
right-handed squarks is negligible except for the stops
Fig. 2 and Fig. 3 we present the results in a special case
mixing between left- and right-handed stops and degene
for all squark masses.

Figure 2 shows the SUSY QCD correctionDs/s0 as a
function of gluino mass assuming a squark mass of 100 G
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The correction is positive except for gluino masses in
range of 76 GeV,mg̃,100 GeV. Note that there is a pea
at mg̃576 GeV due to the fact that formt5176 GeV the
threshold for open top decay into a gluino and a stop
crossed in this region. Only in this very narrow range do
the magnitude of the correction exceed 5%. For the glu
mass range allowed by Tevatron experiments,mg̃.170 GeV
@15#, the correction is only a couple of percent.

Figure 3 presents the SUSY QCD correctionDs/s0 as a
function of the stop mass assumingmg̃5200 GeV. This cor-
rection is always positive. With increasing squark mass
magnitude of the correction decreases, illustrating the dec
pling effect. The corrections reach a couple of percent fo
squark mass around 100 GeV and are below one percen
squark masses above about 200 GeV.

Next we consider the effects of stop mixing in the corre
tions. The stop mass matrix is given in Eq.~51! of Ref. @7#,
where three free parameters are involved under the assu

FIG. 2. The SUSY QCD correctionDs/s0 as a function of
gluino mass, assuming a squark mass of 100 GeV.

FIG. 3. The SUSY QCD correctionDs/s0 as a function of
squark mass, assuming a gluino mass of 200 GeV.
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tion M t̃ R
5M t̃ L

. We chose the mass of the lighter stopmt̃ 1
,

the off-diagonal mass parameterMLR and tanb to be the
three independent parameters. For other squarks; i.e.,q̃ , q̃8

and b̃ , we neglected the mixing between left- and righ
handed states and assumedM q̃1

5M q̃2
5M q̃

18
5M q̃

28
5M b̃1

5M b̃2
which are determined from Eq.~52! of Ref. @7#. In

Fig. 4 we present some sample results to show the effec

FIG. 4. The SUSY QCD correctionDs/s0 as a function of the
off-diagonal mass parameterMLR , assuming mg̃ 5200 GeV,
mt̃ 1

5100 GeV and tanb52.
.

,
D

l

of

stop mixing in the corrections. We see from this figure th
the SUSY QCD correctionDs/s0 varies mildly as a func-
tion of the off-diagonal mass parameterMLR and the maxi-
mum value is still only a couple of percent.

As shown in Fig. 4 of Ref.@7#, for the minimum allowed
tanb(.0.25), the Yukawa corrections can enhance the cr
section by 10%, while the electroweak corrections can
crease the cross section by more than 20%. However,
tanb.1 the Yukawa corrections are below 1% and ele
troweak corrections are about24%. As shown in Fig. 2, the
SUSY QCD corrections are below 2% for gluino mass
larger than about 100 GeV. Therefore, for tanb.1 and
gluino masses larger than 100 GeV, the combined effect
SUSY QCD, SUSY EW, and the Yukawa corrections on
amount at most to a few percent, which will be difficult
detect at the Tevatron. Note, however, that t
R-parity-violating couplings in the MSSM can give rise
observable effects at the future upgraded Tevatron, as sh
in Ref. @8#. In theR-parity-violating MSSM, the total effect
of SUSY is the sum of all these contributions. To establ
precise constraints on theR-parity-violating couplings, one
will have to take into account all the contributions, whic
will presumably be necessary for the upgraded Tevat
data.
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